ABSTRACT: We report a new hybrid integration scheme that offers for the first time a nanowire-on-lead approach, which enables independent electrical addressability, is scalable, and has superior spatial resolution in vertical nanowire arrays. The fabrication of these nanowire arrays is demonstrated to be scalable down to submicrometer site-to-site spacing and can be combined with standard integrated circuit fabrication technologies. We utilize these arrays to perform electrophysiological recordings from mouse and rat primary neurons and human induced pluripotent stem cell (hiPSC)-derived neurons, which revealed high signal-to-noise ratios and sensitivity to subthreshold postsynaptic potentials (PSPs). We measured electrical activity from rodent neurons from 8 days in vitro (DIV) to 14 DIV and from hiPSC-derived neurons at 6 weeks in vitro post culture with signal amplitudes up to 99 mV. Overall, our platform paves the way for longitudinal electrophysiological experiments on synaptic activity in human iPSC based disease models of neuronal networks, critical for understanding the mechanisms of neurological diseases and for developing drugs to treat them.
N anowire geometries are ideal for interfacing with cells and measuring intracellular potentials of neurons with minimal invasiveness. 1−6 Prior works have demonstrated single nanowire devices 7, 8 or devices encompassing ensembles of several nanowires, 9−13 but individual electrical addressability of a single nanowire in a vertically standing array of nanowires, which is important for localizing the origin of action potentials, has not been accomplished before. Additionally, interfacing with human neurons, important for drug screening, is yet to be demonstrated. Here, we report a new hybrid integration scheme that offers for the first time a nanowire-on-lead approach, which enables independent electrical addressability, is scalable, has a high spatial resolution, and has a sensitivity that allows the detection of subthreshold PSPs. The fabrication of these nanowire arrays is demonstrated to be scalable down to submicrometer site-to-site spacing and can be combined with standard integrated circuit fabrication technologies. Physiological recordings from rodent primary neurons and human induced pluripotent stem cell (hiPSC)-derived neurons revealed high signal-to-noise ratios (SNRs) for both positive and negative measured potentials. We measured electrical activity from rodent neurons from 8 DIV to 14 DIV, and from hiPSC-derived neurons at 6 weeks in vitro post culture, and found intimate nanowire/neuron interaction validated by transmission electron microscopy (TEM). The technique contrasts to the standard patch-clamp, 14−17 which is destructive and unscalable to large neuronal densities and to long recording times, 18 or to planar multielectrode arrays that enable long-term recordings, but can just measure extracellular potentials and lack the sensitivity to subthreshold potentials. 19 To measure minute potential changes in individual cells at high spatial resolution in neuronal networks, it is important to develop an integration scheme for high-density individually electrically addressable out-of-plane nanowire neuronal probes. To achieve very high densities of individual nanowires that are suitable for mapping individual units in neuronal networks, we devised a novel all solid-state wafer bonding integration scheme on patterned Ni electrical contacts and leads ( Figure 1 , Figures S1 and S2) 20 leading to a superior high-density nanowire− neuron interface platform. This bonding scheme is essential because conventional low temperature eutectic bonding does not provide the lead-to-lead electrical isolation necessary for individual electrical addressability of single sites in a highdensity nanowire array. 21 Instead, we utilize the thermally driven solid-state diffusion of Ni into Si at a low temperature (400°C), traditionally used to make self-aligned contacts for transistors in the semiconductor industry, 22 to bond Si substrates to optically transparent and electrically insulating sapphire substrates that were predefined with Ni patterns. By doing so, we achieve two goals with the Ni layer: (1) bonding and fusion of a thin (∼50 μm) Si substrate to the underlying host substrate and (2) embedding electrical leads underneath active or passive Si components in the bonded substrate with low contact resistance ( Figure S1 ). The integration technique is general to any other substrate that can sustain the NiSi reaction temperature (starts at 300°C), including complementary metal oxide semiconductor (CMOS) integrated circuits and advanced planar 23, 24 and out of plane device geometries are attainable through this method. Additionally, the optical transparency of sapphire enables light excitation and transmission imaging degrees of freedom in our platform. Overall, the integration technology developed in this work is the first to enable electrical addressability for individual vertically standing nanowires registered precisely over underlying metal leads. This individual electrical addressability of nanowires has potential to enable precise measurements of activity of individual units in neuronal networks, and to detect miniature release of neurotransmitters, especially important for investigating the synaptic properties of networks of neurons in the context of neurological diseases, as for the characterization of pre-or post-synaptic defects based on amplitude or frequency modifications in the subthreshold postsynaptic potentials. 25, 26 Fabrication of our in vitro platform starts with photolithography and e-beam lithography (EBL) patterning of electrode leads on a sapphire substrate, as shown schematically in Figure 1A -i. 27 The electrode leads have metal stacking of Ti/ Ni/Ti/Ni (30 nm/200 nm/50 nm/200 nm) for adhesion/ conduction/diffusion-barrier/silicidation purposes, respectively. When a thin Si chip, 5 mm × 5 mm × 50 μm, is brought into contact with the metal leads on the sapphire substrate, a To prevent electrochemical reactions anywhere except at the nanowire tips, the entire chip is coated by SiO 2 , which is then selectively etched at the contact pads and nanowire tips ( Figure 1A -v, Figure 1C , Figure S4 ). The scanning electron microscope (SEM) images of the Si nanowire arrays in Figure 1B and C demonstrate a high packing density of 6.25Million/cm 2 at a pitch of 4 μm. We also demonstrated submicrometer pitch at a site-to-site spacing of 750 nm ( Figure S3 ). The array geometry can be tailored for the optimal growth of neuronal networks 28 that are interconnected with sealed microfluidic channels that can allow growth of neurites and synaptic connections but prevent cell-body plating inside the channels ( Figures S5 and S6 ). The electrochemical impedance in all of these configurations is relatively uniform ( Figure S5 and S6) and validated a capacitively dominant coupling behavior (phase in Figure S7 ) with neuronal activity. Transmission electron microscopy (TEM) and elemental mapping by energy-dispersive X-ray spectroscopy (EDX) of the Si nanowires demonstrate crystalline structures and interfaces and highlight the usefulness of each layer: Si constitutes the main body of the sensor, SiO 2 constitutes the passivation outermost cylinder around the bottom portion of the nanowire ( Figure 1D ), Ni is used for silicidation bonding and as a current conduction layer ( Figure 1E top and bottom, respectively), and Ti is used as a Ni diffusion barrier and adhesion layer ( Figure  1F top and bottom, respectively). A zoomed-in TEM image at the bottom of the wire in Figure 1G highlights the interfacial layers crucial for the free-standing and individually electrically addressable nature of the Si nanowire. The high-resolution TEM (HRTEM) images in the lower panels of Figure 1G illustrate the crystalline nature of the interface between NiSi and Si at the bottom of the wire (see also Figure S9 ). Similar bonding structure, morphology, and interfaces were validated on SiO 2 /Si substrates ( Figure S10 ) illustrating the versatility of our bonding scheme.
We next investigated the biological interfaces established between our Si nanowires and neurons and the resulting recorded electrophysiological activity. We packaged our devices on commercial electrophysiology printed circuit boards ( Figure  S8 ) and tested their feasibility for electrophysiology and pharmacology using rodent hippocampal primary neurons and human iPSC-derived neurons (Supporting Information sections 3 and 4). For both rodent primary and hiPSC-derived neurons, we find strong interaction between neurons and nanowires characterized by cell outgrowth and engulfment to the vertical Si nanowires (Figure 2A and Figure 4A , primary mouse neurons; Figure S12 uncolored SEM images). The cell− electrode interface is generally established in intracellular and extracellular configurations both of which can provide sufficient coupling between the cell and the electrode to enable high fidelity recordings.
The amplitude and shape of recorded potentials are governed by the electrochemical interface at the surface of the nanowire and the degree of sealing for the cell membrane to the nanowire itself, and by the measurement system. 29−31 To account for these effects in both intracellular and extracellular configurations (Figure 2A ), we developed a circuit model based on experimental measurements for each component of the electrode/neuron interface (see Supporting Information section 6). Results using analytic transfer functions, circuit simulations, and empirical transfer functions for the overall measurement system provided excellent agreement with the measured potentials.
One of the main signatures of our model is the use of current source and different conductance for the Na + and K + channels that is commensurate to the physical origin of the faster depolarization and repolarization in action potentials. These were calibrated to patch-clamp measured inward and outward ionic currents from similar cultured cells ( Figure S15a) . The longer duration of the patch-clamp action potentials has been previously related to maturity, culture conditions, and exact temperature of the cell culture for both hiPSC 32 and rodent cortical neurons, 33 which was also observed in our reference patch-clamp measurements ( Figure S15a ). Our electrophysiological models using either analog circuit analysis or empirical simulations based on detailed electrochemical characterization, similar to the models of Spira et al. 29−31 are self-consistent models that can accurately reproduce both the time and the amplitude of deconvoluted neuronal signals measured from nanowires. Pharmacological stimulation and inhibition validated the physiological origin of the measured potentials. After glutamate was added to the recording solution, we observed an increase of the cell spontaneous activity ( Figure 2C -ii) with respect to frequency and amplitude when compared to the baseline ( Figure 2C -i) measured on the same channel. The bath application of tetrodotoxin (TTX) inhibited the activity on the same channel ( Figure 2C-iii) . Similarly, for the extracellular configuration, the bath application of KCl led to increased activity ( Figure 2D -ii) relative to the baseline recording ( Figure  2D-i) , which was also eliminated by TTX treatment.
Strikingly, physiological measurements on mouse hippocampal neurons cultured for 10−13 days on our platform displayed small potential fluctuations prior to the positive ( Figure 2B -i) and negative ( Figure 2B -ii) firing events. The SNR of these prespike potentials is 20-times as evident in the inset of Figure 2B -i, and their shape is clearly different from coupled action potentials from different cells or channels. The largest action potentials that we measured 10 DIV is 99 mV, as shown in Figure 3A , which demonstrates for the first time that nanowires can measure intracellular potentials with similar magnitudes to that of patch-clamp. We generally observed oscillations prior to spikes as highlighted in the insets of Figure  3A . For a simultaneously measured extracellular potential from another channel ( Figure 3B ) that is 5.65 μm apart from the intracellular channel, we also observed potential oscillations prior to the extracellular spike. Upon inspecting all other channels, we did not observe action potentials that might be electronically coupled to these two channels. We then embarked on validating that these potential oscillations are subthreshold synaptic potentials. To do so, we pharmacologically blocked both excitatory and inhibitory receptors by adding D-APV to block NMDA receptors, CNQX for blocking AMPA receptors, and Picrotoxin for preventing the binding of the inhibitory neurotransmitter GABA to its receptors (see Supporting Information section 4 (1)). After adding the blockers, we observed insignificant number of small prespike oscillations ( Figure 3C ) or no oscillations ( Figure 3D ), which suggested that our system has the sensitivity to detect miniature release of neurotransmitters at a quantal level. Given that our nanowires can sometimes measure intracellular potentials with an SNR of 1700 ( Figure 3A) , it is not surprising that they can also resolve subthreshold activity that we validate with standard pharmacological experiments here. This can be attributed to the height of our nanowires, which is >6.5 μm compared to the shorter than 2 μm nanowires in prior works, providing larger Si surface interaction area with adherent neurons.
The development of high-throughput, subcellular neurotechnologies has the potential for application to drug screening on neurological disease models. We therefore tested the sensitivity of our platform with two clinically relevant subtypes of human iPSC-derived neurons, cortical and dopaminergic, for which we had demonstrated electrical activity on conventional microelectrode array recordings ( Figure S11 ). Human iPSC-derived cortical neurons cultured on our platform overlapped with multiple nanowires ( Figure 4A ). Post preparation for SEM on this platform, evidence of neurite outgrowth to nearby nanowires, is also apparent in Figure 4A . Nanowires 7 and 8 displayed positive action potentials, whereas nanowire 6 displayed a negative action potential ( Figure 4B ). From the SEM image of Figure 4A , we can note the extracellular nature of the interface with nanowire 6. To uncover the nature of the nanowire/neuron interaction for nanowires 7 and 8, we performed a sequential focused ion beam (FIB) cut and thinning of a 300−400 nm slice on the sample in regions of wires marked 6, 7, 8 (Figures S17−S21) post Pt plating. The sample is thin enough to allow electron transmission for TEM characterization without risking significant damage to the cell body during the FIB milling process. Figure 4C shows an SEM image of the FIB slice showing a clear dark contrast of the cell around nanowires 7 and 8. The TEM images in Figures 3D and 4E along the substrate-nanowire-cell regions demonstrated that the nanowires displayed intimate interaction with neurons that is not aided by tension due to neuron adhesion and spreading on the substrate surface or peptide-modification, 34−36 nor assisted with the highly invasive electroporation. 9, 10 The continuity of the inclined interface below the SiO 2 passivation layer as seen to the right of the nanowires in Figure 4D and E is suggestive of intracellular penetration of the nanowires into the human cortical neuron cell body, which is commensurate with the positive potentials measured with wires 7 and 8. 37 However, it is also possible that the cell fixation and FIB thinning can lead to artifacts in the observed interface. Also in these recordings, we observed the prespike potentials with sharp rise and slow decay times, which are similar in shape to the excitatory postsynaptic potentials (EPSPs) observed by Hai et al. using Au mushroom electrodes. 38 It is possible however that the positive potentials are measured in a juxtacellular configuration due to their smaller amplitude than those observed in Figures 2, 3 , and 5 since we did not validate their nature by blocking the postsynaptic receptors. We note that out of the two hiPSC cells on top of the nanowire array ( Figure S17 ), we measured positive potentials from one neuron. The individually addressable nanowires can record multiple positive potentials from a single neuron.
Dopaminergic neurons are a clinically relevant cell type for study of neurodegenerative disease and neuropsychiatric disorders. We determined whether hiPSC-derived dopaminergic neurons could also survive and demonstrate physiological function on our nanowire device. Six weeks postplating hiPSCderived dopaminergic neurons on the nanowire platform, we observed distinctive single slope rise potentials compared to the multioscillation behavior exhibited by the mouse hippocampal neurons and hiPSC-derived cortical neurons prior to spontaneous action potential firing for both positive and negative polarities (inset, Figure 5A ). On some channels, we observed small potential oscillations with varying frequency and amplitude as shown Figure 5B . We then performed pharmacological studies after 2 weeks postastrocyte coculture on the hiPSC-derived dopaminergic neurons (6 weeks post initial culture). Upon bath application of KCl, the firing rate increased and then all activity stopped after the addition of TTX as shown in Figure 5C . In conclusion, hiPSC-derived neurons not only survived several weeks intimately interfaced with the nanowires, but also we observed extensive electrophysiological activity over time, which led to the possibility of longitudinal electrophysiological experiments on synaptic activity on in vitro human neuronal networks.
The electrophysiological recordings from our cultures did not display trains of large action potentials, but just one or two APs, which is consistent with recordings from immature neurons and network observed on both human and rodent cultures from other groups. 32, 39 Therefore, we performed immunocytochemistry analyses on primary neurons cultured on our platform. The rat cortical neurons fixed at 15 DIV showed that the cells are well adherent to the nanowire arrays, stained positive for Tuj1, a specific neuronal marker, with some limited neurite extension. (Figure S22 ). The normal formation of a mature neuronal network can be compromised by the height of our nanowires that pin the cells above the planar regions of the platform. This can be improved by creating 3D islands at the bottom of the nanowires that can promote network connectivity on a 3D surface. In the extreme case of shortening the nanowires to heights that are similar to that is reported previously, the intracellular capability of the nanowires might be compromised. Increasing the spacing between the nanowires may also strengthen the network activity of the culture as noted in the recent work of Shmoel et al. 40 but will compromise their density. Further investigation of the limited neurite extension in our cell culture will lead to improved network synaptic connections and to more robust and consistent measurements of action potentials and PSPs. (Figures 2−4) .
It is also important to report the our primary rodent neuron experiments were conducted on 5 devices with successful measurements for several days for both intracellular-like and extracellular-like potentials on 4 out of the 5 devices. The measured intracellular-like potentials varied from 0.1 mV to 99 mV. The hiPSC experiments were conducted on 4 devices with successful measurements for several days for both intracellularlike and extracellular-like potentials on 4 out of the 5 sets, and for one device over several weeks (4 weeks and then 6 weeks after culture). The measured intracellular-like potentials varied from 0.1 mV to 35 mV. From Figure S17 , we can observe 2 cells in the 28 μm × 28 μm square array of nanowires leading to a cell density of ∼255 100 cells/cm 2 . One can also observe from Figure S17 that two out of the 12 nanowires in contact with the cultured cells resulted in intracellular-like measurements. As observed by other groups the variability of the Amplitude and duration of APs can be due to different engulfment level or cleft width between the neuron and the nanowire. 40 The yield on nanowire internalization to cells can also be improved, for example with peptide modification. 36 Measurement of intracellular action potentials using individually addressable Si nanowire probes, from both mouse and human neurons, opens new prospects on mapping neuronal activity in large networks, while the sensitivity to subthreshold postsynaptic potentials from multiple neurons opens new possibilities to study synaptic transmission mechanisms and plasticity, particularly important for investigating neurological diseases. Given the scalability of our arrays, the simultaneous recording of minute changes in cell potentials can uncover details on the synthesis, processing, and execution of neuronal network activity. In vitro, highly parallel drug screening experiments can be performed using the human relevant iPSC cell line and without the need of the laborious nonscalable patch-clamp. In vivo, targeted modulation of individual neural circuits or even single cells within a network becomes possible, and implications for bridging or repairing networks in neurologically affected regions become within reach. Overall, our platform and modified versions thereof have the potential to lead to transformative technologies for both in vivo and in vitro applications. Notes
